We investigated the effects of in situ GaN and sputtered AlN nucleation layers on the output power of GaN-based blue (445 nm) LEDs on patterned sapphire substrate (PSS) and planar sapphire substrates. Both the PSS LEDs and planar LEDs showed the same operation voltages, but the LEDs with the AlN layer had much lower reverse leakage current at −15 V. The LEDs with the AlN layer showed higher external quantum efficiency (EQE) at low current regions than those with the GaN nucleation layer. However, the AlN nucleation layer LEDs experienced a little more severe efficiency droop than did the GaN layer LEDs. It was shown that the AlN nucleation layer samples contained fewer defects than the GaN nucleation layer samples. The Raman spectral results showed that the AlN nucleation layer samples experienced higher compressive stress than the GaN nucleation layer samples. Simulation results also showed that both the AlN nucleation layer and air voids in the GaN nucleation layer samples hardly affected the light extraction efficiency. Based on the electrical, X-ray diffraction (XRD), cathodoluminescence (CL), and Raman results, the electrical behavior of the PSS and planar LEDs are described and discussed. InGaN/GaN-based light-emitting diodes (LEDs) are technologically important because of their use in a variety of emitting device applications, which cover wavelengths from green to ultraviolet (UV) spectra.
InGaN/GaN-based light-emitting diodes (LEDs) are technologically important because of their use in a variety of emitting device applications, which cover wavelengths from green to ultraviolet (UV) spectra. [1] [2] [3] [4] Currently, high-brightness InGaN/GaN-based LEDs are commercially available. On the one hand, in order to realize general illumination application, the output performance of LEDs should be improved further. One of the major barriers to the enhancement of the light output efficiency of GaN-based LEDs is a high density of threading dislocations (TDs) (in the range of 10 8 -10 10 cm -2 ), 5 which are generated during GaN growth because of the large lattice mismatch and thermal expansion coefficient difference between GaN and sapphire substrate. 6, 7 Thus, it is crucial to develop ways of reducing TD density to enhance the light output performance. To minimize the generation of TDs, different methods have been proposed, including epitaxial lateral overgrowth (ELOG), [8] [9] [10] [11] SiO 2 patterned mask, 12, 13 and ELOG on patterned sapphire substrate (PSS). [14] [15] [16] [17] [18] [19] Among them, ELOG on PSS are most commonly used to grow high-quality GaNbased epitaxial layers. For example, Kissinger et al., 15 investigating the output performance of blue LEDs fabricated on lens PSS (LPSS), reported that LPSS-LEDs exhibited 250% higher luminous intensity at an injection current of 20 mA than conventional LEDs and 117% higher emission angle than conventional LEDs. Wuu et al., 18 investigating the effect of hole-PSS on the output performance of near-UV GaN-based LEDs, reported that typical lamp-form PSS-LEDs had an external quantum efficiency of 14.1%, which is higher than that of conventional LEDs. The improvement was attributed to the decrease in TD density and the increase in light extraction efficiency. It is well known that the nucleation layer between the GaN layer and sapphire substrate is critical to the generation of threading dislocations. In other words, the nucleation layer growth conditions and resultant microstructures have a critical impact on the crystalline quality of GaN. 20 Thus, to further improve the crystallinity of GaN layers, the surface characteristics of PSS were modified by using an oxide layer 21 or an AlN nucleation layer. [22] [23] [24] For example, Lin et al., 21 investigating the effect of an oxide layer on PSS (OPSS) on the performance of LEDs, reported that the output power of OPSS LEDs was 6.2% higher z E-mail: tyseong@korea.ac.kr than that of conventional LEDs. In addition, Chang et al., 22 investigating the effect of a high-temperature (HT) (1050
• C) AlN nucleation layer (10 nm thick) on the output performance of GaN-based LEDs (with a wavelength of 447-452 nm), showed that LEDs with the in situ HT-AlN nucleation layer produced 12% higher output power at 1 A than LEDs with a conventional low temperature GaN nucleation layer. Moreover, Yen et al., 23 investigating the effects of in situ HT (900
• C) and ex situ low-temperature-sputtered AlN nucleation layers on the output efficiency of GaN-based LEDs on PSS, reported that the reverse leakage current (at −20 V) of LEDs with the ex situ sputtered AlN layer was about three orders of magnitude lower than that of LEDs with an in situ HT AlN layer. The output power (at 20 mA) of the LEDs with the ex situ AlN layer was improved by approximately 5.73% compared to that of the LEDs with the in situ AlN layer. Chiu et al., 24 investigating the effects of in situ MOCVD GaN and ex situ sputtered AlN nucleation layers on the output performance of UV (380 nm)-LEDs grown on PSS, showed that the UV-LEDs grown on the sputtered AlN nucleation layer had better crystalline quality compared to those with the GaN nucleation layer. In other words, the samples with the GaN nucleation layer contained a number of screw and mixed dislocations on the tip and sidewall region of the hemisphere, while fewer screw and mixed dislocations were formed in the sample with the AlN nucleation layer. Consequently, the light output power at 20 mA was enhanced by 30% compared to UV-LEDs with the GaN nucleation layer. In this study, we investigated the effects of in situ GaN and ex situ sputtered AlN nucleation layers on the output performance of lateral and vertical blue (445 nm) LEDs grown on PSS and planar (0001) sapphire substrates, respectively, by means of XRD, Raman spectral measurement, and cathodoluminescence (CL). The electrical and optical performance of lateral and vertical LEDs with the MOCVD GaN and sputtered AlN nucleation layers are described and discussed.
Experimental
InGaN/GaN-based epilayer stacks for lateral and vertical geometry LEDs (a wavelength of ∼445 nm) were grown on 6 inch (0001) patterned sapphire substrates (pitch = 3 μm, width = 2.5 μm, height = 1.5 μm) and 6 inch double-side polished (0001) planar sapphire The p-GaN was in situ activated at 700
• C for 5 min in a N 2 stream within the MOCVD chamber. Then to investigate the effects of different nucleation layers on the performance of LEDs, in situ GaN and AlN nucleation layers (15-30 nm thick) were deposited on PSS and planar substrates by MOCVD and sputtering systems, respectively. Lateral LEDs (1200×600 μm 2 ) were fabricated using a conventional mesa structure method. Lateral LEDs were referred to here as 'PSS LED'. ITO, Cr/Al/Ni/Au, and Ni/Au layers were used as a current spreading layer, p-ohmic contact and n-type electrode, respectively. Detailed fabrication processes of vertical LEDs (1400×1400 μm 2 ) were published elsewhere, 25 which were referred to here as 'planar LED'. To investigate the electrical, optical, and structural characteristics, the wafer-level LED samples were cut into chips and encapsulated into standard LED lamps. Blue LED chips were packaged (5630 size PKG) and characterized at room temperature. Epitaxial layer structures and LED chips were schematically shown in Fig. 1 . Transmission electron microscopy (TEM) examinations of undoped GaN (u-GaN) grown on PSS (not shown) exhibited that unlike the u-GaN on the sputtered AlN nucleation layer, the u-GaN layer with the in situ GaN nucleation layer contained a few air voids on the PSS, as schematically shown later. For the characterization of LED chips, current-voltage (I-V) characteristics were examined using an Agilent B1505A system. The light output power-drive current relations were measured using an integrating sphere (Instrument Systems GmbH. ISP 500) with Spectroscope (CAS 140CT) and Sourcemeter (Keithley KE2601A). Raman scattering was used to characterize the stain state of GaN layers and transmission electron microscopy (TEM) was carried out to study the microstructures. The crystalline quality (i.e., the strain state of undoped GaN epitaxial layers) was characterized with X-ray diffraction (XRD) rocking curve measurements (ω scans). Fig. 2 exhibits the I-V characteristics of packaged PSS LED and planar LED with different nucleation layers. The GaN nucleation layers on the PSS and planar substrates were 30 and 25 nm thick, respectively, while the AlN nucleation layers on the PSS and planar substrates were 25 and 20 nm thick, respectively. Regardless of different nucleation layers, both the PSS and planar LEDs show the same operation voltages. It is noted that for both the LEDs, the AlN nucleation layer samples have lower forward current in the range of 1.5 -2 V, which implies that the AlN-nucleation-layer LEDs insignificantly experience defect-related leakage current compared to the GaN-nucleation-layer LEDs. The PSS LEDs with the GaN and AlN nucleation layers have reverse leakage currents (at −15 V) of −1.29 and −0.12 μA, respectively. On the one hand, the planar LEDs with the GaN and AlN nucleation layers have reverse leakage currents (at −15 V) of −1.77 and −0.022 μA, respectively. For both types of LEDs, the LEDs with the AlN layer give much lower reverse leakage current at −15 V. As discussed later, this could be ascribed to the improved crystallinity of the undoped GaN epilayer with the AlN layer. Fig. 3 shows the external quantum efficiency (EQE) of packaged PSS LED and planar LED with different nucleation layers as a function of the current density. All of the LEDs experience efficiency droop. For the PSS LEDs, the LEDs with the AlN layer show higher EQE at low current regions of less than 10 A/cm 2 compared to the LEDs with the GaN nucleation layer, while at a high current of 50 A/cm 2 they show the same EQE as those with the GaN nucleation layer. For the planar LEDs, the LEDs with the AlN layer also show slightly higher EQE at a low current of about 1 A/cm 2 compared to the LEDs with the GaN nucleation layer. However, at a high current of higher than 25 A/cm 2 they show lower EQE than those with the GaN nucleation layer. It is noteworthy that for both types of LEDs, the LEDs with the AlN later experience more severe efficiency droop than do those with the GaN layer. As discussed later, the better EQE of the AlN layer-LEDs can be attributed to the improved crystal quality due to the use of the AlN nucleation layer. Fig. 4 shows variations of the full widths at half maximum (FWHM) of ω-scans obtained from the undoped GaN layers grown on PSS and planar substrates with the MOCVD GaN and sputtered AlN nucleation layers. As the thickness of the AlN nucleation layer increases from 15 to 30 nm, the FWHM from the PSS samples decreases, reaches a minimum at 25 nm, and then increases (Fig. 4a) . As can be seen in Fig. 4b , the planar substrate samples show similar behavior with a minimum at 20 nm. This may be associated with the presence of an optimal nucleation layer thickness for the minimum density of threading dislocations (TDs). Interestingly, the minima of the FWHMs, namely, the best crystalline quality of the undoped GaN epilayers are obtained at different thicknesses for PSS and planar substrates. It is noteworthy that the AlN nucleation layer results in better crystal-quality undoped GaN epilayers than the GaN nucleation layer, indicating that the former contains fewer defects than the latter. Moreover, a comparison of the FWHMs of the (002) and (102) reflections shows that the AlN nucleation layer on PSS results in much larger reduction in the edge-type TDs than that on planar substrate. Figs. 5c and 5d, respectively. It is known that the E 2 (high) Raman mode is shifted only by stress. 27 For both the PSS and planar substrates, the E 2 (high) Raman mode for the undoped GaN with the AlN nucleation layer appears at longer peak wave numbers than the undoped GaN with the GaN nucleation layer. For example, the Raman shift peak of E 2 (high) for the PSS samples with the GaN and AlN nucleation layers is located at 569.05 and 570.16 cm -1 , respectively (Fig. 5c ). For the planar samples, the Raman shift peak of E 2 (high) for the GaN and AlN nucleation layers is located at 569.90 and 570.62 cm -1 , respectively (Fig. 5d ). Calculations exhibited that for both the PSS and planar samples, the GaN epilayer with the AlN nucleation layer underwent higher compressive strain than the GaN epilayer with the GaN nucleation layer. 28 The higher stress indicates that the undoped GaN with the AlN layer is not fully relaxed 29 and contains fewer misfit dislocations than that with the GaN nucleation layer. Fig. 6 shows panchromatic CL images for undoped GaN on PSS and planar substrates with GaN and AlN nucleation layers. There are numerous dark spots in the CL image which are spatially well resolved. The CL dark spots correspond to threading dislocations. 30, 31 It was, however, shown that a CL dark spot did not precisely correspond to an individual dislocation; some dark spots were composed of two or more closely spaced dislocations. The CL images clearly show that these dislocations (e.g., pure edge and mixed dislocations) act as nonradiative recombination centers. 30, 31 Measurements showed that for the PSS samples with the GaN and AlN nucleation layers, TD density was 1. noted that for both types of the samples, the AlN nucleation layer resulted in lower TD densities. However, the PSS samples contained somewhat similar TD densities compared to the planar samples. This might be due to the fact that the optimized growth conditions for the planar samples were used for the PSS samples. It is, nevertheless, noteworthy that the use of the AlN nucleation layer resulted in 33.9% and 16.2% lower TD densities in the PSS and planar GaN samples, respectively, compared to the use of the MOCVD GaN nucleation layer. This is in agreement with the X-ray ω-scan results (Fig. 4) and also the Raman results (Fig. 5) .
Results and Discussion
The results showed that for both the PSS LED and planar LED, the use of the AlN nucleation layer exhibited higher EQE at low currents (around 1 A/cm 2 ), but resulted in a bit more severe efficiency droop as the current density increased to 50 A/cm 2 . This behavior could be explained as follows. The EQE of an LED is defined by the product of the internal quantum efficiency (IQE) and the light extraction efficiency (LEE). Thus, to investigate if both air voids in the GaN nucleation layer and the AlN nucleation layer affect the performance of light extraction, we conducted three-dimensional finite-difference time-domain (3D-FDTD) simulations. 32 In the simulated structures, sapphire (n = 1.78) cones with a diameter of 2.0 μm and a height of 1.3 μm were periodically arranged with a pitch size of 3.0 μm by applying the periodic boundary conditions along the in-plane directions (Fig. 7a) . To represent the PSS with the air voids, the air spheres with a diameter of 100 nm were additionally introduced around the sapphire cones (middle, Fig. 7a ). For the PSS with the AlN nucleation layer, the sapphire cones were conformally coated with an AlN (n = 2.1) layer (right, Fig. 7a ). To precisely describe the morphology of the simulated structures, a spatial resolution of 10 nm was applied to x-, y-, and z-axes. A 3.5 μm-thick GaN layer (n = 2.45) was placed on the substrate. To emulate the optical absorption of InGaN LED epitaxial layers, we introduced a 100 nm-thick absorption layer (k = 0.01) in the GaN layer; 33 otherwise, the extraction efficiency of any patterned structures would approach the unity. A dipole source with a specific polarization was generated at 100 nm below the upper surface. The same simulations were iterated while the polarization (inplane and vertical) of the dipole source was changed. 34 The extraction efficiency was defined as an average value for the two polarization cases. The extraction efficiency was plotted as a function of light propagation distance until all the generated light was extracted or extinguished (Fig. 7b) . 35 As can be seen in Fig. 7b , the simulated result clearly shows that both the addition of air voids and a thin (< 50 nm) AlN conformal layer do not have a substantial impact on the extraction efficiency. A small number of air voids smaller than an effective wavelength (λ/n) do not effectively scatter off the generated light. To further study the effect of the AlN conformal layer, we conducted FDTD simulations while varying its thickness (Inset, Fig. 7b ). The simulated result shows that the extraction efficiency decreases gradually with increasing AlN thickness. We postulated that an addition of a conformal layer with an intermediate refractive index diminished the refractive index contrast in pattern, thereby slightly degrading the extraction efficiency, 37 which is indeed distinguishable from antireflecting structures for external reflection. 38 Based on the simulated results, it is concluded that the enhanced light output at low current can be ascribed to the improved IQE. As shown by the XRD and CL results, the samples with the AlN nucleation layer contained fewer edge-type TDs than those with the GaN nucleation layer (Fig. 4) . Since TDs serve as nonradiative recombination centers, the samples with the AlN nucleation layer should give higher IQE than those with the GaN nucleation layer. Furthermore, the mechanism for the little more severe efficiency droop in the AlN nucleation layer-samples may be explained as follows. For simplicity, we assumed that the carrier recombination rate is analyzed in terms of the ABC model, An + Bn 2 + Cn 3 , where n, A, B, and C represent carrier concentration, ShockleyRead-Hall (SRH), radiative recombination, and Auger recombination coefficient, respectively. Then EQE was calculated for two LED samples, e.g., reference and the other with 25% increased carrier lifetime (fewer defects) using an 'Apsys' simulator (not shown). 39 The simulation result showed that the LEDs with fewer defects gave a higher EQE at low currents than the reference LED. However, at high currents, EQE of the fewer defect LEDs approached that of the reference LEDs, although still better than the reference. This indicates that the reason why the AlN nucleation layer sample (with fewer defects) gave lower EQE at high currents than the GaN nucleation layer sample could not be explained by reduction in the density of TDs. Moreover, the Raman spectral results showed that the samples with the AlN nucleation layer experienced higher compressive stress than the samples with the GaN nucleation layer. Piezoelectric polarization field at the InGaN/GaN results in the quantum-confined Stark effect (QCSE), reducing IQE. 40 For example, Son and Lee, 41 investigating the effect of strain engineering on the performance of InGaN/GaN MQW LEDs, showed that the relaxation of compressive stress by using an electroplated Ni metal substrate (causing tensile stress) decreased the QCSE by reducing piezoelectric polarization, and so increased IQE. Ryu et al., 42 also investigating the effect of uni-axial external stress on the performance green InGaN/GaN MQW LEDs, reported that compared to LEDs with external tensile stress, LEDs with external compressive stress exhibited lower output power. It was shown that piezoelectric field in the MQW region decreased by reducing compressive stress, consequently increasing the probability of radiative recombination. Thus, the increased compressive stress in the AlN nucleation layer samples in this study could increase the QCSE by increasing piezoelectric polarization, consequently inducing efficiency droop.
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Conclusions
The effects of in situ GaN and ex situ AlN nucleation layers on the output performance of PSS LEDs and planar LEDs were investigated. The blue LEDs with the AlN layer yielded much lower reverse leakage current at -15 V. The LEDs with the AlN nucleation layer exhibited higher EQE at low currents, but suffered from a bit more severe efficiency droop than those with the GaN nucleation layer. The AlN nucleation layer samples contained fewer defects than the GaN nucleation layer samples. Calculations showed that LED with fewer defects gave a higher EQE at low currents than reference LED, while at high currents, the former had EQE similar to that of the latter. It was shown that both the AlN nucleation layer and air voids in the GaN nucleation layer samples had no effect on the light extraction. The AlN nucleation layer samples were subject to higher compressive stress than the GaN nucleation layer samples. On the basis of the electrical, XRD, CL, Apsys simulation, FDTD simulation, and Raman results, the electrical characteristics of the PSS and planar LEDs with the different nucleation layers were described in terms of the different densities of threading defects and the presence of compressive stress.
